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.^b»Li-act 

The three-diiTiensiona! coriiposiiiiwiiil model CompHoii' has been cxiendcd to ullow the 
simulation of the nuilviphasc Mdvcciive. dispersive and diffusive flux of noiiaqueouN phtvjse liquid 
(NAl'L) contaminants in A discroie-Cracture network, idlowing for plusc partiiioninu: and dynamic 
imeraciions bciwecn die fracture network and die.sun-ounditij. low-permeability rock nwiflx. The 
iipproach used i,o couple fluxes between die fraciares »ifid matrix allows representation of capillarv 
pressure differences witliin the fractures and matri?; and makes no assumption of equilibriu"i 
tiydraiilic conditions hetwccn the iwo. The mode! is verified lor the case of atjueous-phasc soluic 
traiisptut by corapsirison with an analyticul sohiiion. An exsinnplc problem is preseiiicd involving, 
tlie migrtuion of a dense ntm-aqueous phase litpiid (DNAPI.) eonsiisting of trithloreihylcne (TCE! 
in a single venienl fracture within a low-pcrmeabiliiy material with significant muirix porosity 
The simulalioii results dcrnonstraie thai matrix diffusion aeis to transfer sigtiiilcant amounts v ' 
conuiininani to the matn,\ in the aijueouK phase. After the DN'Al'L source is removed, the NAHL, 
uhtmately disappeais from the fnieture ilue to partitioning of contaoiiiuini into the aqueous phas.; 
with concomitant niatrix diffu.sion. It is sliown that as ibe pomsity yl'thc matrix increases, tlie rao; 
of migration of the TCE DNAPl, front within fmctuivs is retarded, due to dis.soluilon and iTiairi,v 
diffusion. Tlie sensitivity ol' UNAPL miitraiion within the iVactun- to the form of the ttlaii^';-
permeability relationship is also liiscussed. The model is then used to highlight the potential T > 
deep DNAPL penetration dirough a vertical cros,s-scclion consisting of a ,<hallow uneonfined s.in.-
atjuifer and a deeper sand aquifer separated by a layer offraciarcd clay. Vertical (i-acturcs throujjl 
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the cliiy that liyilraulieally connccls the shallow and deep aquifers are siiown to he capable of 
transmitting both dissolved contaminant and DNAPL iQ the underlying aquifer, with DNAPI. 

'..travel times thn-)Ugh the S-m thick clay anit being on the order of duys. For the .scenarios 
;'c|amipcd, the DNAPL ewering the lower aquifer via the fractured clay unit may completely 
'iiissoive at the aquifer aquitard interface due lo lateral groundwater flow in the lower aquifer, 
provided the aperture of titc vertical fractures in the clay layer are less than about 30 t̂ m: 
hiiwevcr, some DNAPJ.s may penetrate into the lower aquifer and exist as a iion-aque(Jus phase if 
the fracture apertures in the cUiy layer are 50 fim in size or larp,cr. In this latter ease, the presence 
of the DNAPL in the lower aquifer acts as a persistent source of yrouudwatcr contamination and 
car produce, an exiensive pluntc in the direction of grotmdwater flow. © 1999 F.lscvier Science 
B.V. All rights reserved. 

Kcywiir,i^: Nonaqueous plia.sc liquids; Convaminiml lianspon: Pha.se parritinning. Fractured niaieriats: Pomns 
materials 

S?k, 
,j!(;j,l. Introduction 

Historically, thick deposits oC lacustrine clay have been considered irnperrneable 
barriers to the downward How of contaminant.s imn)duced iiccidentally at the ground 
.surface. A„s a result. m<iny industrial sites involved in the pioces.sing or storage of 
hu^rdous chemicals, particularly chloriniitcd organic solvents, have been situated above 
such clay deposits. The discovery of hydraulically active vertical fractures in clay 
aquiiard-s at depths of up ro .SO in has, however, caused concern for the vulnerability of 
deep aquifers to coniainination by lhe.se dense non aqueous phase liquids (DNAPLs). 
Because they are more dense and "cncraily less viscou.s than w<\ter. DNAPI.s composed 
of chlorinated organic solvents are highly mobile in the subsurface and may penetrate 
the fracture network within a clay aquitard and migrate downwards to contaminate 

•;, drinking water sources at depth. Due to their extremely low drinking water limits, even 
•;:''|;,?,f"''''̂  amounts of such solvents are capable of conuiiiinating kir§e volumes of water. 
"••i.y^dn a fractured low-permeability material, the enii^ pressure lo the non wcitinn phase 

is'.gcnei'ally lower in the fraciuivs than the matrix. Because DNAPI.s are tisuuily 
nnn-wciting with respect to water in most ijeologio materials, they will prefereiUially 
enter and remain within the fracture network when a iVaciured kiw-penneability unit is 
encountered within the sarur.iicd /one (Kucper and .VfeWhorier, Î S) 1). The tVaciure \o!(i 
space in a geologic material j.s of the order of )() ' or less of ihe bulk volume, while In 
a typical sandy aquifer, the porosity ranges from 25 lo -W-'f (Free/.e and (."herry, I97y). 
This means thai sntall volumes of DNAPI. ituty spirad large distances in a fractured 
material relative to a simiUu" spill volume in n typical granular ttquifer. The cjuesiioii of 
the maximum vertical and lateral extents of the DNAPL source /one within a fracture 
network is of primary importatice when assessing conuiininenr and reniediation options 

.,, at a fractured rock siie conrarniniilecl by a DNAPI.. 
S.î „. Il î  known that the diffusion oi' dissolved co;)tJiminanls iVoin the liaL-iurcN lo the 
•:«:inarrix can reUirtI the moveiticnt of aqueous pha.sc soluie plumes. Il has also been shown 

by, Parls'ei-et al. (IVW) rhar ihc concomirant processes oi'dissoliirion and matrix diffusion 
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can cause 
the disappearance of the non-aqueous phase frtim fully DNAPL-saturaicd 

fractures in a high-porosity material in time iramcs on ihe order of day.s to years. 
However, it is less certain whether the processes of phase partitioning (eg. dissolution, 
volatiUzation) and matrl\ diffixsion can reduce the inobjliiy and maximum extent of 
DNAPL within a fracture network. 

Previous mathematical modelling efforts addressing multipha,sc flow in fractured 
porous media have not directly addressed the issue of bow aqueous-phase matrix 
diffusion will affect the migration rate of DNAPL fronts within a fracture network. Most 
previous numerical models based on the coupled two-phtise flow equations (Kueper and 
McWhoner, 1991), as well as those based on percolation theoi7 (Pruess and Tsang, 
1990; Mendo^a, iy92) which attempt to simulate ihe simuUaoeous flow of an aqueous 
phase and a DNAPL within a rough-walled fracture, ignored any DNAPL dissolution 
and matrix diffusion elTeas. Those models based on percolation theory which do 
consider DNAPL dissolution and matrix diffusion (Espo.sito, 199.S: Banack, 1996) maice 
the simplifying assumption that aqueous phase transport does not affect DNAPL flow; 
however, models such as these nevertheless provide a staning point from which to 
develop constitutive relationships for multiphase How in a rough-wallcd fracture plane 
(Mcndoza. 1992). 

There has idso been considerable work performed in developing mathematical models 
to simulate the Iranspon of a dissolved solute within discreie-fi-acturc networks within 
the context of single-phase groundwater flow. One of ihe early analytical solutions 
describing advecUve- diffusive transpoii of a dissolved soUite In a porous medium 
contaiitin.2 a series of parallel fractures was developed by Sudicky and Frind C1982). 
.Subsequently, numerical models were developed to investigate the effect of matrix 
diffusion on dissolved .solutes in waier-suiuratcd frjcuire networks (Hanison el a)., 
1992: Sudicky and McLaren, 1992). Therrien and -Sudicky (1996) extended these 
previous efforts to include solute transport in .̂ D fracture networks in variably saturated 
media. In iheir model. Richards' equation wa.s used to describe flow in bolli the fractures 
and the porous matrix under the a.ssumpiion that the gas phase js passive. The 
dissoiuiion and transport inodel of VandcrKwaak and Sudicky (1996) used a mixed 
nuinericai-analyiical solution to study the effects of dissolution and solute iransporL 
including manix diffusion, on the disappearance of NAPl. held within a Iracrure 
nerwurk. The DNAPL was. however, required lo he at residual saturation, and thus 
iminohile. and the distributiim of the DNAPL had to he defined a priori. 

Other previous mimerical models ha\e simuhited the (low of DNAPL, water and gas 
in fractured tnedia using a 'hlack-oil' approach where the effects of phase partitioning 
are neglected. The numerical formulation of this approach, as il penains to fractured 
media, is given in [liiyakofii et al. (1991). and its iticoiporation Into a discrete-fracture 
model has been accomplished by Diod.ito (1996). Also of inicresi is the work of Pruess 
(1991) who modelled mullipliase How and transport in fractured media using the 
multiple interacting coniiiuia approach in die TOL'GHZ sirnuiator. This approach 
represents ihe fracture network and the porous rock matrix as separate, ovei'lying 
continua which are linked by a leakage flux. 

Conipositional simulators (Sleep and Sykes. !99.ni.h: I'orsyih. 1994: Unger ci ai.. 
I9V5). have been shown to he robust and efficient when dealing with the complex phase 
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partitioning processes involved when gas, water, and a DNAPl. composed of atiy 
number of components are present in porous media. Compositiottal models are ideally 
suited to multiphase problems where envJronmentJil contaminants are involved, as ihe 

'̂ ijTiodcl D-acks ihe movement of each component in each pha.sc. While appealing because 
;j.pf,,irs generality, the compositional approach for modeling ONAFI- migration in 

" disGrete-fracturc networks embedded in a porous rock malrix has not yet been applied to 
Ibe problem of multiphase flow in discretely I'raciured porous media. 

Tlie purpose of this paper is, firstly, to brielTy describe the enhnncefnents to a 
previously developed compositional numerical mode), and apply this model to an 
investigation of DNAPL migj-ation and phase partitioning proce.s,ses in both a single 
vertical fracture and 3 fracnared clay aquiwrd underlain by a sandy type aquifer. 

2. Theory 

A fully !?D. rhree-phase (NAPL, gas, and water) conipositional model, capable of 
,v. simulating the fate of DNAPLS in discretely fractured poroiis media, is presented. It is o 

'• -jdirect extension of the CoinpFlvH- model (Ungci et al., 1996). which has been 
''previously verified against multiphase lest problems involving non-fraeiured porous 

media (Panday et al., 1995). For ease ol expo.sition and because the examples presented 
here involve two-phase (NAPL and water) flow, the component consei-valion equalions 
for only water and coiitaminani are given below. 

2.1. Gamming ecfuaiian.'i 

The equations considered in the model represent ihe conserx'ation of inoles for each 
component, p, which are water (w). and /« contanilnanls (c, ,„). The two phases. /. 
which can exist i\it the non-aqueous phase (n). the aqueous phase (q), Tlie governing 
equations, which art equivalent to ihose for multiphase flow and transptM-t in porous 

•;,, media, are assumed to hold for cither a.discrete 2D fracture plane or a .̂ D porous malrix 
'.•••block. However, the physical properties and constitutive relations for each /.one will, in 
• ''general, be different. The linking between the discrete Iracture and mairix equations will 

be discussed in Section 2..̂ , Assuming equilibrium pariiiioning of components between 
phases and isotherina] conditions, the non linear advective d^spel̂ ivc conservation 

equations lor each component fi are 

Conuuninani in conservaiion: 

'a ; 1 '/'(•^•.,I'K ^.,„„ -̂  ^ . ^ u K , . ) i P„ fc,M^X. ^ ] 

= - n ^ ^ . K.) - nw„ .V„„ l ' „ ) h r(rf.5,T>, „A//.X^, J 

• ;,. Fr(<A.v„D,. . ,„A/„r .v, , j I c/„, (1 ) 

v. aier conscrvauon; 

-U{.\M,X^,) 

V,here the Darcy flux of 

*̂ r/ 

t^i 
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Water conservation: 

whert- the Darcy flux of each phase is given by (/ •= q,n): 

(2) 

(5) 

' l ^ • ' ; ! ^ 

The reader should refer lo Section 7 for the defmition of any parameter not given in 
the text. 

The constraints among the saturation, inole fraction and pressure variables, the form 
of the dispersion tensor, tortuosity expres.sion and equilibrium panilioning eoefikients 
have been previously presented (linger et al.. 1995, 1996) and arc not repeated here. 

2.2. MuIHphafie flow within <t rou^h-^ai\ed jrac.uiic 

The surfaces of a natural fracture are rough, with the fracture aperture being varisible 
in space. When multiple (Iuid ptoses are present within a fracture, the non-welling pluse 
will tend to occupy the larger aperture regions of the fracture, while the wetting phase 
will tend to occupy the smaller aperture regions. The mobility of each phase within the 
fracture may depend on the de.qrce oi connection between the regions of the fracture 
occupied by the phase. In laboratory measuremenis of gas and liquid flow in natural 
rock I'raaures, Persoff and Pruess (1993) found that under eenain conditions, .small 
regions of narrow apenure located between larger regions of wider apenure effectively 
controlled the single-phase hydraulic aperture of the fracture, and the How rate of the 
non-werting phase over a wide range of phase ,saiurations during two-phase flow. 
Experiments involving iwo-phase How within fracture replicas have shown channeling 
of ilow within (he fiitcturc and (Iuid velocities varying over several orders of magnitude 
at different points within the fracture Brown et al. (199i;), 

When modeling inultiphase flow jn u network of discrete Iracruirs, il is desirable to 
incoi"poratc the effects of these microscale processes at the niacroscale of the model, A 
previously used approach has been to conceptualise the fracture as a 2D. heterogeneous 
porous iriedia. and to define consiiiutivc relationships hot ween phase-relative permeabil
ity and phase saturation, as well as belwecn phase pressure and phase .sauiraiion 
(Kwickhs and Healy. 1993: Therrien and Sudicky, 1996). 

Relative pcniienbility and capillary pressure relationships in a single fracture have 
been investigated in laboratory siudies. In an experiment involving a sin.sle fraclure 
wiihin a irassive dolomiiic limestone, Rcitsma and Kueper (1994) found that the 
capillary pressure curves measured for the fracture vveiv well-represented by u Brooks-
Corey porous medium capillary pressuix- function. Persoff and Pruess (1995) obscTved 
phase interference effects with relative permeabilities ol' the wetting and non-wetting 
phases summing to less than one at inicrmcdiate phase .saturations. 

f fn.: 
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A more theoretical approach to investigating relative pcrmeabilily and capillarv-
pressure functions in a single fracture has been to use microscale numericaJ models ol 
small fracture volumes, with surfiicc areas typically on the order of a few lens of 

,^,„. centimeters. The fraaure volumes arc dlscretized into pore-sized segments in which the 
t^^ffracture walls are assumed to be smooth artd parallel. Each segment is assigned a 

Vconstani aperture, with the aperture distribution of the fraclure generally based on 
statistics detcnnined from measurements of natural fracture surfaces. Such measure
ments have provided experimental evidence ihat fraciure aperture distributions may be 
represented by mathematical probability functions such as Ihe log-normal distribution, 
and that fracture aperture is spalially coiTclated on the scale of a few centimeters (Gale. 
19S7: Brown. 1995; Hakami and Larsson, 1996). 

In these microscale numerical models, each Iracture segment is assumed to be 
occupied by only one of the welting tmd non-wetting phases, with the phase occupancy 
governed by the local capillary pressure ol" the .segment. F.aiiy siudies, such a.s that by 
Pruess and Tsang (1990), followed a 'global accessibility' criierion. where all individual 
fracture segments were considered accessible to both phases. Later investigations 
(Mcndoza, 1992: Kwicklis and Healy, 1993; Yiuig et al,. 1995) included the effects of 

'•*•%,,, pha.se entrapment, in which disconnected clusters of fluid are noi considered mobile 
• ,i' '..until a continuous pathway exists fmni the cluster to an inflow or outflow boundary for 

i,ihe.fluid phase in question. This approach is more suitable for situations in which the 
matiix surrounding the Iracture is considered impermeable to the iiivading fluid phase, 
as is generally (he case for a DNAPI. invading a water-saturated fracture, 

'i'he work of Mendoza (1992) is parricularly useful, as ir examined the sensitivity of 
the capillary pressure and reiauve pcnneahiliiy relationships to the siaiistical character 
istics of the Iracture aperture distribution in a Monte Carlo framework. In his work. 
two-pha,se flow in a single rougb-wailed Iracture plane was simulated using invasion 
pei'colation theory, which allowed for ihe enirapmcnl of one or both fluid phases, tinder 
various lluid accessibility scenarios, multiple realizations of ihe fracture apenure 
distribution were used to generate a range of mean capilku-y pressure and relative 
penneability curves applicable to multiphase flow within a single rough-walled fracture. 

, • and functional relationships were derived to irpreseni ihein. The capillary pressua; and 
.',• .'„/^"'''li^^ permeability relationships used in this work are based on ihc set of simulations 

'.\ in. which ihe fracture aperture was assumed to be disiriiiuted log-normally, with a 
'•-vat;iance of 1.0. a geometric mean of 27.5 p.m. and an ismropjc cotTclation struciure. 

As in the laboratory work of Reitsma and Kueper (1994). the capillar)' pressuiv-
saruraiion relationships obtained hy Mendo/a (1992) under dr.iinujie conditions were 
found lo be adequately represented by a Br<.Hiks Coiey lype funciional relationship 
(Brooks and Coa-y. \9M). The best-fit capillan-' pressuiv luneiion. expix-sscd in tornis of 
areal saturations wi(hm the fracture, was (Meiu.lo/.a. 1992): 

i \ . (4) 

where fi is the aperture correspondin.!! to the displacemem pressure ( P.,). y is equivalent 
^ to the Brooks-Corey pore si/.e distribution index (A). .S\ is the elfeeii\e weiiing-tiuid 

21007 
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areal saturation, and h* is the effective pore radius, suhsetiuently used u. calculate the 
capillary pressure for a given saturation and fluid interfacial tension. For tlie purposes of 
this work, the effective wcttjfig-pha.se areal saturation was assumed to be equivalent to 
the wetting pha.sc areal saturation ( 5 J . with a residual saturation (5^ ) of /rro. 
Fractures with geometric mean apcixures other than 27.5 jxm could be accommodated by 
applying the following scaling relationship to calculate the ^ paiainetei' (Mendoza, 
1992): " 

(i = l\ exp 
(T 

(Tr 
.- ln(/S,/i.,o) (5) 

where b, is the geometric mean aperture, and t/- is the variance of the log-aperture 
distribution, with the subscript 0 indicating the original parameter values taken from 
Mcnd07.a(1992). 

Tlie relative permeability curves were found to he best represented by a simple power 
relationship. For the wetting-phase (water), under drainage conditions, the relative 
permeability was expressed as; 

^ r . - ^ T - (6) 
where .S'(i is the wetting phase saturation expressed in areal terms. The arcal saturation 
of the aqueous phase within die fracture was derived from the volumetric saturation 
{Sl) as (Mendoza, 1992): 

1 
erfc ' ( 2 , s : , ) - ( l - . ^ : - , ) - ^ (7) 

For Ihe non-wetting phase (DNAPL). the relative permeability was expressed by 
Mend07.a (1992) for drainage conditions as: 

i•r, = 5 • ^ ^ (8) 

As in porous media (low. the intrinsic permeability u;nsov of the fracture.must be 
defined to represent a vnlume-avcraged value of the permeability of the individual flow 
paths. It is customary to assume u simpliHed represenuiiion of the fracture as smooth, 
parallel plates, in which case ihe inirinsic pcrnieahility of (he fracture is aiven by (Bear, 
1972): 

(9) 

where Ih is the effceiive hydraulic aperture of the fracture, For single-phase fiow'. a 
macrodispcrsion parainercr is also normally deliiied to account for the possible flow 
channeling and enhanced mixing of dissolved species iran.sported in the aqueous phiisc 
within the fracture. F.fforts have been made to examine the salidiiy of defining similar 
maciodispersiviry paramclers for multiphase How siiuuiions in porous media to account 
for pore-scale variability in flow velocities and the resuhing fingering observed (I.anglo 
and Espedal, 1994; Fwing, 1997). This concept is potentially applicahle lo the descrip
tion of multiphase flow in natural fraciuivs as well as porous media, although it has not 
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been applied in this work. Further effort is required lo anivc at a mathematical 
description of the effects of channelization during multiphase flow within rough-walled 
fractures. 

Mendoza (1992) calculated capillary pressure and relative permeability relationships 
under both drainage and imbibition conditions. It was observed that pore-scale variabili
ties caused die relationships to exhibit hysteretic behaviour at the it)eal scale of a 
single fracture plane. I'nr the purposes of this work, hysteresis is ignored at the local 
scale, ^ut as discussed in Mantoglou and Celhar (1987a; b), spatial variations in local 
scale, properties, such as permeability and capillary pressure relationships, can cause 
hysteretic behaviour at a larger scale. Therefore, the incorporation of hysteresis in the 
local scale constitutive relationships may not be necessary rxi produce hysteresis within a 
hirger-scale problem. 

2.3. Numerical forvjuladun 

Eqs. (l)-(.3) are discretizcd using the finite volume method, with the low-permeabil
ity matrix being represented by ?D rectangular block cells and (he fractures by 2D 
rectangular planar cells. Further details regaj'ding the diserelization method can be found 
in Slough eral. (199S). 

An input cons(raint on the fracture netwoi-k in this x-ersion of OmpFluw is that ail 
•̂ fraclure planes niust be orthogonal. Each fracture finite volume is placed at the mtcrfaee 
between two matrix blocks as shown in Fig. I, and is assumed to fully intercept the flux 
between the two matrix cells. 
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With this approach, the fracture cell centre and the matrix cell centre are not 
coincident, and a set of primary variables is niainiaincd ai the fracture cell nodes, in 
addition to ihosc at the matrix cell nodes. This dual-node approach fully Incorporates 
any differences in capillary pressure between ihe fracture and the matrix, and also allows 
for the inclusion of possible non-equilibrium conditions due to. e.g., a 'skin cl'feci' at the 
fracture wall. This is in contrast with some previous approaches to discrete fraaure 
modelling (Sudicky and McLaren, 1992: fheirien and Sudicky. 1996), in which all 
nodes in each fraaure element are common to those on the edges of a matrix element, 
and a continuity of pressure and contiiminant concentration is assumed at these common 
fracture/matrix nodes. 

3. Verification for aqveous phase transpori 

D 
id 

dl 
;e 
IX 

A prior version of ihe multiphase model CompFlovi. for porous media applications 
has been previously verified by Panday et al. (1995), To the best of our knowledge, the 
work presented here is the firsi attempt at composiiional modelling of multiphase flow 
in 3D discretely fractured networks embedded in a porous rock matrix, and conse
quently, the results of test problems are unavailable in the literature to permit a complete 
verificalion of the coupled fiaciuie/niatrix multiphase flow and transport solution. An 
analytical solution to the problem of single-phase flow and solute transport in a system 
of parallel fractiu-es (Sudicky and l-rind, 1982) is used hers to verify the accuracy of the 
CvmpFluv.! model numerical solution to this problem. The analytical solution provides 
solute concentration values at any poin( along the fracture or in the matrix at any lime. 

The physical sysiein used in the verification and sensitivity analyses consists of a 
10-m high X 2-fn wide porous clay block of unit thickness with a fully penetrating .̂ 0 
p.m fracture located in the middle of the block. The parameters used in the verification 
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are shown in Table 1. Due to symmetry, computations were performed for only one-luh 
of (he domain. The constant pressure boundary conditions applied at the top and bottom 
of the domain fixed the water pressure so as to produce a steady-staic downward flow of 
water, with a hydraulic gradient of 0.01 m/m, creiiting a groundwater velocity of 0.53 
m/day within the fracture. The advectivc flux within the clay block was negligible, wiih 
velocities on the order of 10"' m/day. For the verification cxerci.se, the water entering 
the fracture at the upper boundary was assigned a solute concentration equal to that of 
TCE at its solubility limit of I3S5 mg/1. No non-aqueous phase TCE existed at any time 
in the domain, thus permitting a direct compajison with the results of the analytical 

-•':̂ .sulution. 
'•';;;• .The horizontal spatial discretization used was on the order of tenths of a centimeter 
immediately adjaceni lo the fracture, and increased to a maximum of almost 20 cm at 
the outer edge of the domain. The vertical spatial discretization was 5 cm at the (op of 
the fracture, and increased to a maximum of 25 cm at the bottom of the doinain. 

l''ig. 2 shows the numerical .solution of the concentration profiles along the fracture at 
times equal to 50 days. I year and 5 years, and the same concentration proflies as 
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Analytical Solution 
e- - -S Numerical Solution 

0.0 0.1 
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0,2 03 
Distance into Manix (,m) 

•of, diffusion. proQlc of Oissnlveri I'CF. in clay matrix 

predicted by the ajialytical solution. There is good .agreement between the two. with a 
very slight amount of numerical dispersion al the leading edge t)f the profiles, iig. 3 
shows Ihe diffusion profiles in the matrix, perpendicular to the plane of the fracture at a 
depth of 0.7 m. at I and 10 years for both the numerical and ihe analytical solutions. 

" ' •••'-' '"'•ilurlcMl ri^sultS. 
Once again 

7 m. at I una lu yeuis n,i ..,....,, „._ 
1, clear nga-emcnt exists between ihe numerical and analytical results. 
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" - ' V . . . , . 

tony 

• ;'\^'r':} 4, DNAPI, migration in a verticaJ fracture 

Because CompFliw includes the processes uf niuUipha-se flow, phase panilioning and 
component mali'ix diffusion, it is ideally suited to investigate the possible inlluenee of 
aqueous phase transport processes on DNAPL migration within a fracture surrounded by 

a porous matrix. 
Results will be presented for simulations which examine the long-term faic of 

DNAPL released above a single vertical fraclure within a clay block, tmd also the 
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sensitiviiy of the DNAPL migration rate within the fraciure to the matrix porosity and 
the relative peiTneability-saiaration relationship used within the frac(ure. 

For these simulations, the geometry of the physical system, the properties of the 
geologic nwierials and fracture (Table 1), and the imposed jiydraulie gradient were 
identical to those used in the verification problem. However, in this ease, the lop of the 
fraaure was a release point for the chlorinated solvent, trichlorethylene (TCE), The 
physiocbemical properties of TCE and water are givem in Table 2. 

"The Brooks -Corey parameters used ui generate the eapillaî y pressure and relative 
permeability relationships within the 30-ia.m. fracture for the iwo-phxse sy,stem (water 
and a non-aqueous phase TCF.) are given in Table 3. Capillary pressure relationships for 
the clay matrix were obtained from the work of El Kadi (19S5) who compiled capillary 
pressure data from 175 clay samples to constr-uct a representative capillary pressure vs. 
saturation curve for ciay-rype materials. The Brooks Corey parameters that best repre
sented the capillary pressure curve for clay are given in Table 3, and a capillary pressure 
function was calculated sitnilar to Eq. (4). using volumetric rather than areal saturations. 

T.ihle 1 
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1 B B M Fn*c sclufion diffu îHui ii>f*ffici^ni iit Wtifrr 

^ B | "ui),!;.-) Inrefjadoi r^nsiott of TCK- wuur v̂,\7r*wi 

^ H ''•'''^:^.lAqiiidiim]pyes.\ihililify 

ffij^t S!"'iclnr(l prc.yyijit'.v 

^ S ^ V'j.v<v).\.i//(*.v 

B '" 
l ^ ^ l Moicciikn' \\f!-;>hts 

'-•,;X "f,. 
| H l '•.,•'••.,: Mu.^s lifnxUy 

^ H •'; Equilihrium mole 1i-:iction ici iiqacous phaic 

•Viihk-

)!7 Id ' i c i ' / d a v ' 

a.l/:. It) ' N / m ' 

.VOX 1(1 ' ' kP;. '•' 
•1..?':. 10 ' k P a " ' 

11)0.1) IvPil 

1 4 V x l t r ' ' kP;,duv'" 

1..;N'-. 1(1 ^' kHadiiy'' 

IK.dJx III •• k!!, iiii.l-

O l . i x I O ^ 'ka /mor ' 

lOnOkj/m'- ' 

uwikH/m' - ' ' 

1.90Xin--' (13,^5 nif / l . l ' ' 

"Parker ci ul. (.199J). 

"(.In-ierel at. (lWf>), 

••Scliwai-Tinbach et .il, (l'W31, 

'Piinkow and Chcrrv (1996), 

Table 3 
Pariiincteii used 

details) 

Fracture 

Clay matrix 

••lip 
-•y::Wli 

K . j . i i % 

to dcGn't'c 

Ii 

33 

10 

No relative permeab 
relative permeabilitie 
(8), This rclationshif 
matrix is expected to 

4.1. Umn-ierm fatt ( 

In this problem, T 
of 75 days. The relci 
equal to the volume 
uneontaminatcd wait, 
downwards hydrauli 
implications of diffu? 
process known lo be 

As can be seen I 
within the fracture, 1 
phase at the top of tl 
of TCE, After 35 d. 
length of the 10-m 1( 
of the fracture. Fron 
saturations of TCF- \ 
TCF. mass entering 
Ihc lower boundary 
atiueous-phase diffu-

Mg. 5 shows thi 
Dissolved TCE can 
the advectivc and d 
only about 1 % of th. 
was due 10 advectii 
transpon process by 

After the release 
phase TCE within tl 
boundary, until it re 
entered the top of 
aqueous pha.se in th 
non -aqueous phase 

http://pha.se


04/06/01 16:07 FAX Tin ona so-?, 
±_o.ui tAJi 310 208 5971 _ INFOTRIEVE 2 

• «i;'^i?fev 

and 

f the 
were 
•f the 
The 

alive 
A'ater 
vs for 

^^^§lh 
re vs. ' ' ^ 
•eprc- ''• 
issure 

il*, 
' ' ' f 

'Mi'.,., 

K.J. Sluugh et u t . / Juumal of Cuniammani ilydrnlojiy 40 (l'J')9) 107. I M 119 

r 
l.5,i 
0.34 

s, 
0.0 

O.i'i 

' 1 . 

9.b6 
4 

4,08 

i 

uons. 

Table 3 
Purainctcts used lo define cupillary pressure and relative pcmieabiliiy relationships (sc* S(,\;,iion 2,3. tor ninher 
dewils) 

T~ 
Kructurc 33.9 

Cl.iy matrix lO.i 1 

No relative permeability relationships were available for the clay matrix, and thus, 
rebtive permeabilities were calculated using a simple power function, as in liqs. (6) and 
(R). This relationship is of limited significance, as non-aqueous phase (low within the 
matrix is expected to be negligible. 

4.1. Umg-lerm fuie of a TCF. release in frarntred porous media 

• \ . . . 

• \ , •••J, 

• ' • ' ' ' ' , ; • ( ' , , , . 

In this problem, TCli was released at the top of the fracture, as a NAPL, for a period 
of 75 days. The release uiok place al a constant rate of 0,4 ml/day for a total of 300 ml, 
equal lo the volume of the fraciure. After 75 days, the TCli release wa.s lenninatcd, and 
uneontaminatcd water was allowed to flush through the fracture for 5 years, under a 
downwards hydraulic gradient of 0.01. This was done lo examine the long-term 
implications of diffusion of aqueous-phase TCF, from the matrix back into the fracture, a 
process known to be slow. 

As can be seen from Fig. 4. the TCE invaded ihe fracture and flowed downwards 
within the fracture, but did not enter the clay matrix. The pressure in the non-aqueous 
phase al the top of the fracture was equivalent to a pool height of approximately 54 cm 
of TCE. After 35 days, the non-aqueous phase TCE had migrated through the entire 
length of the 10-m long fracture and had begun to exit through th^ boundary at the base 
of the fracture. From this point in lime until the end of the TCE reletise (75 days), the 
saturations of TCF. within the fracture were constant in value and equal to 0.3, with the 
TCF, mass entering the top of the fracture equal to the total of the ma.ss exiting across 
the lower boundary in both flowing phases, and the mass entering the matrix by 
aqueous-phase diffusion. 

Fig. 5 shows the logarithm of the mole fraciion of fCE In ihe aqueous phase. 
Dissolved TCli can be seen within the clay matrix. Examination of the magnitudes of 
the adveciive and diffusive ma.ss fluxes from (he fracture to the matrix indicated that 
only about Wi of the total Hux of dissolved coniaminani from the fracture to the inatrix 
was due (0 advection of the aqueous phase. Thus, inalrix diffusion is the dominatit 
transport process hy which dissolved TCE entered ihe clay mairix. 

After die )"eleasc of non-aqueous phase TCL was discontinued, the non-aqueOus 
phase TCH within the fracture continued to flow downwards and exit thmugh the lower 
boundary, until it reached residual saturation. At the same time, euntaminant-frcc water 
entered the top of (he fraaure, and TCE iTia.ss partitioned from ihe DNAPI- to the 
aqueous phase in the fracture. Ii can be,seen from Pig. 4 that after less than I year, the 
non-aqueous phase was completely removed from the fracture through a combination of 
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advective flow uf the ncm-aqiieous phase,through the exit boundary at the hoiium of the 
jracture. and inass transfer lo ihe aqueous phase. 
' .However, by the lime the DNAPL had disappeared from the fraciure. approximately 
10% of the TCF. mass released had been transported to (he matrix within the aqueous 
phase, primarily by matrix diffusion. This stored TCH mass continued lo .net as a source 
of contamination lo the contaminant-free water entering the fracture, because the 
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eoncenlration gradient at die fraciure matrix Imcrlace at late time is such that diffusion 
occurs from the matrix lo the fracture. Because ihe concentration gradient decreases over 
lime, the rate of reverse diffusion will also decrease, causing the TCE contamination to 
be persisient. After allowing water to flush the fraclure for 5 years, only ?<% of the TCE 
mass stored in the inatrix hud been flushed away by water in the fracture, and the 
leading edge of the plume has peneti-aied approximately 40 em into the clay mairix. Any t 
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'"'\}if.^. remediation scheme based solely on water flushing through the system to remove the 
^ ,;;:;,remaining contaminant stored in the matrix will be ineffective because of the slow rate 
'*;,;i;of .reverse diffusion from the matrix to the fracture. 

' ,',This simulation used just under 13 min of CPU time on an IBM RS/600O series 
machine, rated at 32 Mflops. On a Pentium U processor, rated at 266 MHz, the same 
simulation required 8.3 min of CPU time. The first 75 days of the simulation, in which 
the DNAPL was being relea.sed, accounted for approximately 827f of the execution 
lime. Time steps on iha order of several hours were required in order that the change in 
phase saturation per time step at the leading edge of the DN^PL front within (he 
fracture remained within the acceptable tolerance ofO.l. The small volume of the 
fracnurc cells exacerbated this problem. Once the DNAPL release had been terminated 
and the DNAPI. had become immobile at residual saturation, lime steps on the order of 
several weeks were possible. 
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'̂ •̂,:;v;•(For purposes of ilhisiratin.q; the relationship between ihe aqueous-phase diffusive flux 
of-:a dissolved solute lo the matrix, the expression .giving the lotal mass diffused into the 
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matrix at time r, per unit area of fraclure, based on a solution tti l-iek's Second Law is 
given as (Parker, 1996): 

A , 

vtr 
(10) 

I'his analytical result assuines ID diffusion perpendicular to the fracture plane The 
physical parameters which will control the rate of diffusive flux are seen to be Ihe 
matrix porosily ((ji), retardation factorf/?), free-solution diffusion coefficient (D*), and 
matrix torluosiiy (T). The latter two are often grouped together as [he effective diffusion 
coefficient. In this work, the effective diffusion coeflicient is dependent <m the matrix 
porosity and phase saturation, through the satufation-dcpendent lonuosity term (Unger et 
al.. 1993). 

The porosity of the mairix material was vailed from that typical of crystalline mck 
which is in the t~ange of 0.1-I'̂ fc. to (hat of a highly porous maierial such as clay with 
porosi(y in the range of .^0-70';^ (1-reeze and Chen^. 1979). 

Mg. 6 sh<;ws the suiuraiion profile ol fCE within the fraciure lor matrix porosities 
(<h) of O.Ul. 0.1. 0.3, and 0.5 al hoih 5 days and 30 days after the start of the TCF. 
release; The effect of the mairix porosity is noiiccable at .̂ 0 days, with ihe DNAPL 
having reached ihe botttirii ni' the fraciure for the two cases involving the low matrix 
porosily materials, while having penetrated only 6 in along the fracture for the maierial 
with a muirix porosity of 50''i. 

4.3. .'ien,\irii:iiy ro ihc rtiatiw pernu'obiUn fitnai'W in the fraaure 

The rclalive permeability relationships, as described in Eqs. (0)-(8), are non linear 
functions ol the pha.se saturations. As they arc exceedingly diflicuh to measure for a 
fraciure, even under eontix)lied labtM-atoo' eondilinns. it is important lo determine how 
sensitive the DNAPI. migi-aiion rate is to their precise form. Another consideration is 
that highly non-linear relationships in the discrefized equations may decrease the 
efficiency of convergence in the Newlon iteration. 

Fig. 7 shows the satuj-aiion profiles within the fraciure ai a tiine of 30 days for a 
simple lest problem using three sets of relative permeability curves for the Iracture. each 
of a different degree of nt)n-Hneari(y. This was liotie hy using three different sets of 
exponents TJ„, and r\„ in the calculation of the relative permeability function in the 
fraclure (Eqs. (6) and (S)). as shown in Fig. 7. The domain and basic inpui parameu;rs. 
other than the relative pemieahility curves, are identical lo those used in the problems 
presented above. 

from 1-ig. 7, it can be seen Uiat ihe form of the relative pcrmeabilily relationship has 
fi poiiceable effect on the saturallon of DNAPL within the fraciure and the depth of 
penetration of the DNAPL within the fraciure. The effect of the form of the relative 
permeability function on (he efficiency of the Newion iteration was small, with a 
maximum of 10 to IQ'/r. reduction in the execution time for the case where the leasr 
non-linear relative pemieahility curves weiv used. 
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Fig, 7. Sen.sjiiviiy of miaralion of DNAPI, saiuM'ion frciir in u vonical I'l.icrurc lo form <.'f DNAPI-waier 
r.-lalivs permeability curve t.ii r = 30 days). 

These simulations show that when a large density contrast exisis between the DNAPL 
and the aqueous pha.se and there is a lai'gc vertical componeni lo flow, the rate of 
DNAPI. migration and the relative saturation of DNAPL within a single fracture are 
very sensitive to the e.<iact form of the relaiive permeability functions. Fuither simula
tions perfonned show ihat for ihe case vi DNAPL- migniiion in a horizontal fracture, the 
exact form of the reluUve permeability functions had litUe effcci on the DNAPL 
riiigrarion rate. 

5. DNAPL release above a fractured cby acjuitard 

Seaioii 4 highlighted the effect of some of the more important parameters influencing 
the flow of DNAPL in a single vertical Inicture which penetrates a low-permeabilily 
unii; however, it did not address the mpveincrit of immiscible fluids and the formadon of 

. 'aqueous-phase plumes in a complex network of fractures, nor the potential for laieral 
^^s'preading of DNAPL on the top of a low-permeability unit as it builds sufficient fluid 
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typical glacial clay deposit in souihwestem Ontario. The fractures were predominantly 
vertical with some being horizontal in orienlalion, and Ihe frequency of fraciuring 
decreased with depth. Previous modelling studies (Harrison el al.. 1992: .Sudicky and 
McLaren, 1992) have used these field observations as a guide in designing a fractui-e 
network lo examine aqueous-phase transport of a dissolved contaminant wiihin such a 
fractured elay environment. In this work, a similar Iracture network was designed for the 
purpose of simulating DNAPI. migration and aqueous-phase plume developineni within 
a fractured clay aquitard. 

5.]. Problem danuiin 

The domain for the fracture network problem, shown in Fig. X, is 50 m lii length X 11 
•m in thickness. Although the numerical mtidcl is cupaLiie of simulating DNAPL 
migration in a fidly 3D system, the problem addressed here is 2D wiili all cells being of 
unit thickness. 

The domain consists of a 1-m thick unconfmed sandy aquifer, below which is a 5-m 
thick, fractured clay aquitard. Below the clay aquiuird is a 5 iii thick sandy a(.iulfer. The 
fi-aelures are assumed to have a hydraulic aperture oi' 30 ixm which is in the I'linge of 
values estimated by McKay et al. (1993) in tlieir field siudies. Most of the vertical 
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fractures terminate within ihe clay aquiiard. but two vertical fraclures, txie ai a 
horizontal distance of about 5 m, and the other ai about 12 rn, penetrate the aquiiard 
completely and thus hydraulically connect the upper and lower aquifers (Fig. S). The 
physical properties of the aquifers and aquiiard arc given in Table 4. For the purposes of 
these simulations, the TCR is assumed to be non-sorbing. both within the aquifer and the 

'.''aquitard. 
The domain is initially sissumcd to be'fully water-saturated, with the steady-stale 

griiuhdwatcT floxv i-cgime oriented generally from left to right through the aquifers and 
downwards through the aquitard. The contaminant may Jeave any specified pressure 
boundary under the process of advection only. The boundary conditions are summarized 
in Fig. 9. 

The release zone for the DNAPL wa.s located at the upper suifacc of the upper 
aquifer between horizontal distances of 7.0 m and 13.0 m, as shown by the red area in 
Fig. 8. A single component DNAPL composed entirely of TCE. the properties of which 
are given in Table 2, was released ar, a rate of 6.6 1/day from this i:one for 75 days. 

The grid was discretizcd with a minimum of three mairix cells between each set of 
adjacent partdlel fraclures. The dimensions of the cells varied, with the horizontal grid 
block size ranging heiween 10 and 50 em. In the vertical direction, the grid block size 

.?,was 25 cm in ihe two aquifers, and between 5 and 10 cm within the fractured clay 
aquitard. This discretization resulted in a grid with 15.400 finite volume matrix blocks, 
and .1.700 rectangular planar fracture ceils. 

5.2. Result.̂  for a release ahnce a SO-p-m fracture net^wrk 

0023 

a) 

b) 

Fig. 10a and Fig. I la show the saturation of TCF and tJie mole fraction of TCE in the 
aqueous phase, respeclively, at 25 days. The nun-aqueous phase TCE is seen to have 
migrated through the upper aquifer, and pooled on top of the lower permeabiiity clay to 
a depth sufficient to overcome the entry pressure of three vertical fractures in the 
aquiliird. Low concentrations of dissolved TCE are present in the lower aquifer at 25 
days, having been transported within the fully penetrating vertical fracture at a horizon-
lal distance of approximately 12 m. At 25 days, the concentrations of dissolved TCE are 

.-much lower in the dead-end portions of t]ie vertical fractures as there Is liiile adveciive 
-groundwater flow in these regions, resulting in diffusion-dominated irunsiTort of the 
dissolved TCE, 

Fig, 10b shows the DNAPL saturations at a lime of 75 days. Vj/ithin the aquitard. the 
DNAPL is .seen to have collected in the dead-end portions of the vertical fractures, and 
in the process has cau.scd some counter curî eni upward flow of water within these 
fraclures. As the DNAPL pools in the dead end vertical fractures and the non-aqueous 
phase pressiu-e increases, it can overcome the entry pressure of conneaed horizonial 

Hg. 11, Mole fraction ot TCE in aqueous pha.se foi DNAfLrclca.se above a IracturcdcUiy .iquitard: (a) 30 um 
fiacnire nciwoiW at 25 days, (bj 30 |j.m trutvare iictwoik at 75 dsys, (c) 50 jtiii iViicmrc nriwoi-k al 75 days. 
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fractures, causing the DNAPL lo begin to flow in the horizontal fraclure. This sudden 
initiation of flow within a horizontal fracture connected to a vertical one is similar to the 
Haines' jump seen in microscale percolation models of multiphase flow (Mendoza, 

j 1992). Thus, the flow of the DNAPL through the fi-aaurc network is transient and 
I eiTatic, and the prediction of DNAPL flow paths will be problematic. 
JV , At a tiine of 75 days, the extent of the DNAPL wiihin the upper aquifer and the 
I •'••'''' fracture network within the ac|Uitard has spretd laterally beyond ihe original boundaries 
I o\' the release zone. As well, the diffusion halos of dissolved TCR in the matrix adjaceni 
I 'o;^ihe fracmres in the clay aquitiird &re clearly visible in Fig. 1 lb. 
I • \ i a lime of about 40 days, the DNAPL arrived at the base of the aquiiard, having 
I migrated along the fully penetrating vertical fracture located at x = 12 ni (results ai a 

later time of 75 days arc shown in Fig. 10b); however, no DNAPL is apparent within the 
lower aquifer. This is hccau.se the groundwater flowing from left (0 right tlirough the 
lower aquifer with a Darcy flux of approximately 0.014 m/dtty was sufficiently rapid. 
and the downwiu'd flux of DNAPL through ihc 30-in fi-aaure was sufficiently low such 
that (he non-aqueous phttse TCE completely dissolved as it en(cred the lower aquifer. 
This is contrary lo the common conceptual model in which it is assumed ihai any 
DNAPL migrating through a fractured elay into an underlying aquifer will always form 
a D N A P L zone in the lower aquifer imit. For a given DNAPL, the primary factors which 

•'•' will dctemiinc whether the DNAPL dissolves as it enters the lower aquifer or cominuos 
.••,;io migrate downwards through it will be the niiiss flux of the non-aqueous pha.sc 
i^^entering the aquifer through the vertical fraclures in ihc aquiiai-d. and (he rate of 

dissolution induced by the laterally flowing gi-oundwaier in the underlying aquifer. The 
mass flux t)f D N A P E entering the lower aquifer through a pai'licular fracture will depend 
on a number of factors, most important of which is likely to be the fracture aperuirc. 

.5..?. Rc'sult.s for a release ahore (i 50-p.tn frartiin; m'twork 

Determinations of fracture aperture In clay units are generally not made by direct 
measmrment. but rather by calculations based on the observed I'riieiurc spacing and 
measured bulk conductivity of ihe fraciured clay, i-esuliing in some uncertainly. The 
sensitivity of the fate of DNAPI. lo the fracture aperture was examined in a slmuliUion 

'• •' in which the previous D N A P L release scenario was repeated, with the network of 
.J, ,,.fractu)-es in Ihc clay being assigned hydraulic apertua's of 50 txnx as opposed to 3f) |J.m. 
:-.:.'••. Fig. lOc shows the DNAPL saiurailons at a lime of 75 duys for the physical sysu-m 

'•'-containing the fracture network composed of 50 txm fractures. Unlike (he simukuion 
involving a 30-pm fracture network, the DNAPL which has rea<.hed the lower aquifer in 
ihis simulation has not been completely dissolved by ihe groundwaier flowin.r: ih)"ough 
the lower aquifer. As a result, ihc DNAPI. has continued to migrate downwards diiough 
the aquifer. Thus, the existence of a DNAPL souice /one in a deeper aquifer overlain by 
a fractured clay is highly sensitive to the aperture of fractures that may penelraie the 
aquitard. I-'or this 50-|Jim case, as the DNAPL migrales deeper inio the aquifer, ihe 
overall character of the resulting solute plume, as seen in Fig, l i e . also takes on u 
different shape and horizonUil extent as compared lo the case for (be 30- pm fraclure 
ease shown in Fig, l ib . 
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5.4. Dixiribulion nf contuininanl muss orer time 

As the non-aqueous and aqueous phase plumes evolve, the distribution of coniami 
nant mass between the diffcTent geologic units changes with residence time. Shown in 
l-'ig. 12 is the total amount of TCR mass, including that in both the non-aqueous phase 
TCE and the dissolved TCE thai is stored in the fraclures, the clay aquitard, and the 
lowcT aquifcT v.s. lime for the case of the 30-rn fracture network. For reference purposes, 
the touii ma,ss of TCE released to the domain over the 75-day period was 722 kg. At a 
ume of 75 days. 97% of the TCE mass is located in the upiicr aquifer. Also al this lime, 
more than 6 kg of TCE have entered the lower aquifer, mainly through the single 
vertical fracture ai .t =- 12 m which is fully penetrating and hydraulically eon)ieeis the 
upper and lower aquifer. The amount of TCE in the clay aquiiard is also increasing over 
time, due to aqueous phase matrix diffusion. 

For coinparison purposes, the distribution of TCE mass for the ca.se involving the 
50-p,m fracture network is given in Fig, 13. in this ca.se. the amount of TCE in the lower 
aquifer, in both ihe non-aqueous phase and in the aqueous phase, is about 45 kg. This 
represents about a sevenfold increase over that for the ease ol' a 30 M-m fraaure network. 
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This eniphasi7£s ihe sensitivity of the DNAPI- llux rate through a fracture to the 
aperture of the ft-aciure. 

6. Conclusioas 

The intent of this work wits to provide a mt̂ ans of investigaiin,!; die physical pnicess 
5'()f.,DNA?L migration through fractured low-pemieabiliiy media with" significant mairix 
'poi'osity. This wtus accomplished through an extension to the cornposiiional model 

O'mpFlow to include the advectivc, dispersive and diffusive ilux of three lluid phases 
(gas, water, DNAPL) within discrete fractures, and between the discrete fniclures and 
the matrix. 

An example problem involving DNA.PI. migration in a single venieal fiiiciure 
surrounded" by a low-permeability but porous matrix showed (hat the pmecss of~ 
diffusion of dissolved solute to ihc matrix transfers significanl amountsof contarainani 
lo the mairix. Removal of coniaminanl from the low permeability matrix by Hushing the 
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7. Nomenclature 

2A. 

A'/ 
<i> 
Pr, 
PI 
IT '• 

D 

P.. 
H 

fracture apertur 
viscosity of ph. 
ponrsiiy [ - ] 
mass den.sity o. 
mass density ol 
variance of log 
depth [mj 
di.spersion/diff 
graviialional ai: 
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fracture with uneontaminatcd water relies on the process of reverse diffusion, which i.s 
very slow. 

A sensitivity analysis of DNAPL migration in a single vertical fracture showed that 
the )-aic of DNAPL flow and the ultimate depth of DNAPL penetration wiihin a fracture 
were affected by diffusion of dissolved solute to ihe mairix in cases where the matrix 
material was of high porosity. From a numerical peTspcctive, this emphasizes the need 
for numerical models to couple the effects of multiphase flow and aqueous phase 
transport rather than assume that the flow of the DNAPL is independent from transport 
in the aqueous phase. The relative permeability fvmetion assigned to a fraaure also 
strongly affeas the rate of DNAPI, migration within a vertical fraaure for NAPLs 
which have densities significantly greater them that of water. 

A 2D simulation involving a scenario wiih a sandy aquifer situated beneath a 
fractured clay aquitard showed ihat the lowei" aquifer was vulnerable to contamination 
from DNAPLs introduced at the ground sinfacc. It was shown thai, provided a 
continuous downward pathway exisis in the fraclure network in the clay, and if fraclure 
apertures are sufficiently large, then the possibility exists for a zone of non-aqueous 
pha.se contamination to occur wirhin (he lower aquifer: however, if the apertures of the 
vertical fractures a( the aquiI'er/aquilard interface are sufficiently small such that the 
rate of leakage of DNAPL inio the lower aquifer from the fraaures is low, ihcn lateral 
groundwater Ilow in the lower aquifer can potentially dissolve ihe DNAPL as it enters. 
If this is the case, a zone of DNAPL contamination will not form in the Uiwer aquifer, 
but a dissolved plui-nc will form and migrate laterally. The possible disappearance of the 
DNAPL due to dissolution at the interface between a fractured clay deposit and a sandy 
aquifer underlying it is an important detail which is not currently considered in previous 
conceptual models oi' the fate of DNAPLs in fraciured geologic )"ncdia. Whether or not 
the non aqueous phase can enter and persist wiihin the lower aquifer also depends on 
oilier factors such xs the DNAPL release rate and its composition at the source, the 
thickness of the fractured clay layer and the diffusion/sorpvion properties of the clay. 
Because of the myriad irf processes and non linear interactions that can occur during the 
downward migration of DNAPL ihrougii complex muhi-aquifer/aquitai'd systems, the 
Ci/mpFInw tiiode! can serve its a useful lool to quaniiiaiively evaluate alternative 
conceptual models. 
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7. Nomcncbture 

2/3 fraclure aperture fp.mj 
P I viscosity of pha.se / [Pa s] 
</> porosity [ - ] 
p^ mass density oi solid phase [kg. m '] 
p, mass density of phase / [kg m" M 
(.T- variance of lo.n-normal fracture apenure distrihuUon 
D depth [mj 
D ,̂i dispersion/diffu.sion tensor for etmiponem /' in phase / [m" 
,1,' gravitational acccleruiion (m s ' ] 
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m^i .'̂ i 

•<;tir' 
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l i absolute permeability tensor [m-] 
K̂  sorption coclTieient of r,̂  onto solid phase Im'' kg"'] 
1,, relative permeability of phase / [ - ] 
/ phase; aqueous (q), non-aqueous (n) and gas (g) 
p componeni: water (w), air (a) and in contaminanis (f| ,„) 
P, pressure of phase / (Pa] 
<7,; source/sink term for componeni/? [mole m " s"'] 
i'/ saluralioo of phase / [ - ) 
V, Darcy flux of phase / [m s"M 
Ŵ, molecular weight of component p [kg inol"'] , 
X_,, mole fraction of component p in phase / [ —1 
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